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Abstract
Background: The purinergic P2X3 receptor (P2X3R) expressed in the dorsal root ganglion (DRG) sensory neuron
and the P2X7 receptor (P2X7R) expressed in the surrounding satellite glial cell (SGC) are two major receptors
participating in neuron-SGC communication in adult DRGs. Activation of P2X7Rs was found to tonically reduce the
expression of P2X3Rs in DRGs, thus inhibiting the abnormal pain behaviors in adult rats. P2X receptors are also
actively involved in sensory signaling in developing rodents. However, very little is known about the
developmental change of P2X7Rs in DRGs and the interaction between P2X7Rs and P2X3Rs in those animals. We
therefore examined the expression of P2X3Rs and P2X7Rs in postnatal rats and determined if P2X7R-P2X3R control
exists in developing rats.
Findings: We immunostained DRGs of immature rats and found that P2X3Rs were expressed only in neurons and
P2X7Rs were expressed only in SGCs. Western blot analyses indicated that P2X3R expression decreased while
P2X7R expression increased with the age of rats. Electrophysiological studies showed that the number of DRG
neurons responding to the stimulation of the P2XR agonist, a,b-meATP, was higher and the amplitudes of a,b-
meATP-induced depolarizations were larger in immature DRG neurons. As a result, P2X3R-mediated flinching
responses were much more pronounced in immature rats than those found in adult rats. When we reduced P2X7R
expression with P2X7R-siRNA in postnatal and adult rats, P2X3R-mediated flinch responses were greatly enhanced
in both rat populations.
Conclusions: These results show that the P2X7R expression increases as rats age. In addition, P2X7Rs in SGCs exert
inhibitory control on the P2X3R expression and function in sensory neurons of immature rats, just as observed in
adult rats. Regulation of P2X7R expression is likely an effective way to control P2X3R activity and manage pain
relief in infants.
Keywords: Purinergic signaling, P2X3 receptors, P2X7 receptors, Dorsal root ganglion, P2X7R-P2X3R inhibitory con-
trol, Neuron-glia interactions, Nociception, Abnormal pain, Postnatal immature rats, Development
Background
The DRG neuron is the first (primary) neuron in the
somatosensory pathway relaying nociceptive (pain), itch
and other sensory information from the skin or internal
organs to the brain. The cell bodies (somata) of DRG
neurons are densely packed in a DRG. Each neuronal
soma is tightly wrapped by a layer of SGCs, which are
often coupled with one another through gap junctions
[1,2]. A neuronal soma with its surrounding SGCs is fre-
quently enclosed by a connective tissue sheath and
forms a distinct morphological unit [3]. There is no evi-
dence that classical synaptic contacts exist between neu-
ronal somata in DRGs [2]. We and others have shown
that neuronal somata communicate bidirectionally with
their surrounding SGCs in DRGs [4,5] and trigeminal
ganglia [6]. The communication modulates the activity
of somata thus affecting the afferent inputs into the
spinal cord [4].
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gated ion channels closely associated with the transmis-
sion of nociceptive signals in DRGs [5,7-10]. P2X3Rs are
expressed mainly in small- and medium-sized adult
DRG neurons [5,11] and P2X7Rs are expressed only in
SGCs [5,12,13]. We have shown that the P2X3R and
P2X7R are the two major purinergic receptors involved
in the bidirectional communication between neurons
and SGCs [4,5,14]. P2X3Rs have been shown to partici-
pate in peripheral pain signaling [15-18] and P2X7Rs
are involved in the maturation and release of cytokines
[19]. In addition, P2X7R knock-out mice fail to develop
hyperalgesia or allodynic pain under inflammation or
nerve injury conditions [20]. The evidence has led to the
suggestion that P2X7R activation is related to proinflam-
matory actions in the nociceptive system [21]. It was
therefore unexpected when we found that P2X7R activa-
tion in SGCs of adult DRGs tonically inhibits the
expression of P2X3Rs in neurons [5]. This inhibitory
P2X7R-P2X3R control attenuates the activity of P2X3Rs,
thus reducing signaling by P2X3R-expressing neurons,
most of which are nociceptors, under normal and
injured conditions [5,14].
In addition to signaling in adults, purinergic receptors
and ATP are found to actively participate in embryonic
development in mice and rats [22-25]. P2X3Rs can be
seen in day 9.5 mouse embryos (E9.5) [26] and 12.5 day
rat embryos [22]. From E14 to postnatal day 1 (P1),
P2X3Rs are present in nearly all DRG neurons. The
expression of P2X3Rs begins to decline after birth and
is expressed in ~73% of P7 and ~45% of P14 to adult
mouse DRG neurons. At the developmental stage (E14-
P7), most DRG neurons are small in size [23]. After P7,
some neurons start to mature into large cells. From P14
to adults, P2X3Rs are found mainly in small diameter
DRG neurons which account for ~50% of total adult
mouse DRG neurons [23]. P2X3Rs are found in ~ 40%
of adult rat DRG neurons [11]. Although P2X3R expres-
sion has been found to decrease with age, it is not
known if P2X7R expression increases with age and if
the regulation between P2X7 and P2X3 exists in devel-
oping DRGs.
Methods
Animals
Neonatal (3-16 day old) and adult (~250 g) Sprague Daw-
ley rats were used in this study. For in vitro experiments,
rats were anesthetized with pentobarbital (50 mg/kg, i.p.)
and L4 and L5 DRGs were then removed. All experimen-
tal procedures were approved by the Institutional Animal
Care and Use Committee at University of Texas medical
Branch and were in accordance with the guidelines of the
National Institutes of Health and of the International
Association for the Study of Pain (IASP).
Western blots
For Western Blot experiments, DRGs were lysed in 100
μl of RIPA buffer (1% NP-40, 0.5% Na dexycholate, 0.1%
SDS, PMSF 10 μl/ml and aprotinin 30 μl/ml). The cell
lysates were centrifuged at 10,000× g for 12 min at 4°C.
The concentration of protein in homogenate was deter-
mined using a BCA reagent (Pierce). A 50 μgo ft o t a l
protein sample from each group was loaded onto a
SDS-PAGE, transferred to a PVDF membrane, incubated
with a blocking buffer (1 × TBS with 5% w/v fat free dry
milk) for 2 hrs and then with rabbit anti-P2X3 (1:1000;
Alomone), or anti-P2X7 (1:1000, Alomone) for another
2 hours at room temperature. The PVDF membrane
was then washed 5 times with TBST (1 × TBS and 1%
Tween 20), incubated with anti-rabbit peroxidase-conju-
gated secondary antibody (1:1000; Santa Cruz) for 1 hr
at room temperature and washed 5 times with TBST.
The immunoreactive proteins were detected by
enhanced chemiluminescence (ECL kit; Amersham Bios-
ciences) and visualized by exposing the PVDF mem-
brane onto an x-ray film. Loading controls were
determined by stripping the blots with a buffer contain-
ing 100 mM 2-mercaptoethanol, 62.5 mM Tris-HCl,
and 2% SDS for 20 min and re-probing with mouse
anti-Actin (1:1000, Chemicon) for 2 hr. After washing,
the membrane was incubated with anti-mouse peroxi-
dase-conjugated secondary antibody (1:1000, Chemica)
for 1 h. The intensity of protein bands was determined
using the NIH Image 1.63 software.
Immunohistochemistry
To immunostain DRG cells, rats were deeply anesthe-
tized with pentobarbital (80 mg/kg, i.p.) and fixed with
4% paraformaldehyde plus 0.2% picric acid. The L4 and
L5 DRGs were removed, postfixed for 1 hr and put in a
30% sucrose solution overnight. Tissue was then
embedded in an OCT compound and cut into 10 μm
transverse DRG sections on a cryostat and washed with
normal goat serum (10%) and Triton X (0.2%). Primary
antibodies used included rabbit anti-P2X7R (Alomone,
1:200) or guinea pig anti-P2X3R (Chemicon, 1:10,000).
Secondary antibodies included FITC or Texas Red anti-
rabbit, or anti-guinea pig IgG (Vector Lab, 1:200). To
compare the fluorescence intensity of labeled cells in
control and test groups, tissue samples from different
groups were processed simultaneously and analyzed
using an identical fluorescence intensity threshold. To
avoid the possibility of double-counting, labeled cells on
every fifth DRG section were analyzed.
Electrophysiology
To record the electrical activity of DRG neurons, one L4
or L5 DRG with an attached sciatic nerve was isolated
from a rat. The preparation was superfused with the
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(in mM) 115 NaCl, 5.6 KCl, 1 NaH2PO4, 2.0 CaCl2,1
MgCl2,1 1g l u c o s e ,a n d2 5N a H C O 3,a tr o o mt e m p e r a -
ture. Sharp electrodes filled with 3 M potassium acet-
ate with a resistance ranging from 50 MΩ to 90 MΩ
were used for recordings. DRG neurons were stimu-
lated either by square pulses (0.1-1 ms) applied to the
sciatic nerve through a suction electrode or by 40 ms
current steps applied to the soma through an intracel-
lular recording electrode. Only data obtained from
cells with a resting potential ≤ - 40 mV and overshoot-
ing spikes were accepted for analyses. In adult DRG,
cells were classified as Ab,A δ or C cells by axonal
conduction velocity (CV) with the criteria of CV > 8.5
m / sa sA b cells, CV = 1-8.5 m/s as Aδ cells, and CV <
1 m/s as C cells. In cases where CVs could not be
established, the action potential duration (APD), i.e.,
duration measured at the half peak AP amplitude, and
the existence of inflection on the falling phase of
action potential (AP) were used as the criteria to sepa-
rate cell groups [27]. Cells with an APD > 3.8 ms and
AP inflection were considered as C cells; cells with an
APD ≤ 3.8 ms and AP inflection were categorized as
Aδ cells; cells with an APD < 3.8 ms and no AP inflec-
tion were considered Ab cells. The same APD and AP
inflection criteria were used to categorize cell types of
DRGs in early postnatal ages, during which most of
the axons were unmyelinated [28]. Only C and Aδ
DRG neurons were included in our analyses. Chemi-
cals, e.g., a,b-meATP (100 μM) and TNP-ATP (1 μM)
were bath applied at a flow rate of ~ 4 ml/min. A
membrane potential change of ≥ 2 mV, which was lar-
ger than 2 times the standard deviation of the baseline
level, was set as a positive response, similar to the cri-
terion used by Stebbing et al. [29].
siRNAs
Small interfering RNA directed against P2X7 mRNA
(P2X7R-siRNA) or a non-targeting control siRNA (con-
siRNA) (20 μM, 10.5 μl) (Thermo Scientific) was used
in our experiments. The sense sequence of con-siRNA
was 5’-UAGCGACUAAACACAUCAA-3’.T h eP 2 X 7 R -
siRNA consisted of four pooled 21-necleotide duplexes.
The sequences were as follows: (1) Sense GAAACUGC-
CUCCCGUCUCAUU; Antisense 5’-P. UGAGACGGGA
GGCAGUUUCUU; (2) Sense GGAUCCAGAGCGUG
AAUUAUU; Antisense 5’-P UAAUUCACGCUCUGGA
UCCUU; (3) Sense CCAAGCCGACGUUAAAGUAUU;
Antisense 5’-P UACUUUAACGUCGGCUUGGUU; (4)
Sense GAUACGCCAAGUACUAUAAUU; Antisense 5’-
P UUAUAGUACUUGGCGUAUCUU. SiRNA-polyethy-
leneimine (PEI) complex (0.18 μl1 0 0m MP E Ip e rμg
RNA) was prepared according to the method described
by Tan et al. [30] before use.
Behavioral experiments
Nocifensive, i.e., flinching, behavioral studies were con-
ducted on P15-16 and adult rats, which were treated
with either con-siRNA or P2X7R-siRNA eight to nine
days before. The siRNA was applied intrathecally using
a modified direct transcutaneous intrathecal method
[31]. Rats were placed under individual plexiglass domes
and acclimated for 1 hr before experiments. Following
an injection of a,b-meATP (1 mM, 50 μl), rats were
immediately put back under the dome. The flinching
behavior was assessed by determining paw withdrawal
duration (PW duration), i.e., the total time that the
hindpaw was lifted in the air in a 1 min time bin
[32,33].
Data analyses
Data were expressed as means ± SE or as percentages.
Student’s t, Fisher Exact or Mann-Whitney tests were
used to access the significance of changes. Comparisons
between multiple means were done with one-way analy-
sis of variance (ANOVA) followed by the Holm-Sidak
post hoc test. A P< 0.05 was considered significant.
Results
A high percentage of DRG neurons express P2X3Rs in
immature rats
We first determined if P2X3Rs are expressed only in
DRG neurons and P2X7Rs are expressed only in SGCs
in immature rats as observed in adult cells [5]. DRG
neurons and SGCs were differentiated by their morpho-
logical characteristics. The somata of DRG neurons had
a rounded appearance with diameter ≥ 10 μm [34]. Each
soma had a prominent nucleus with relative clear
nucleoplasm and a low nucleus/cytoplasm ratio [35]. On
the other hand, SGCs were elongated (width ≤ 2 μm)
flattened cells that enveloped each neuronal soma
[35,36]. The SGC had a flattened nucleus which con-
tained dense chromatins and a high nucleus/cytoplasm
ratio. In P6 rats, P2X3R immunostain was found only in
DRG neurons, not in SGCs (Figure 1A). On the other
hand, P2X7Rs were found only in SGCs (Figure 1A). An
obvious difference in P2X3R distribution between imma-
ture and adult DRGs is that a high percentage of DRG
neurons expressed P2X3Rs in immature rats. In P6
DRGs, 74.83 ± 2.03% (n = 3) of DRG neurons expressed
P2X3Rs whereas only 43.45 ± 5.03% (n = 3) neurons
expressed P2X3Rs in adult DRGs neurons (Figure 1B).
The activity of P2X3Rs in DRG neurons decreases with rat
age
We then determined the function of P2X3Rs in DRG
neurons by measuring their responses to the P2XR ago-
nist, a,b-meATP. DRG neurons were categorized in C,
Aδ and Ab cell groups using the criteria described in
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studied only in C and Aδ cells. Sharp intracellular
microelectrodes were used to measure the depolariza-
tion induced by bath applied a,b-meATP (100 μM).
Under current clamp conditions, 11 out of 20 (55.0%)
recorded DRG neurons from P3-P14 rats responded to
a,b-meATP with ≥ 2 mV depolarization (Figure 2). The
average amplitude of a,b-meATP induced depolariza-
tions was 7.0 ± 0.8 mV (n = 11). In four immature neu-
rons, the effect of the P2X1R and P2X3R antagonist,
TNP-ATP, was also studied. TNP-ATP completely
blocked the a,b-meATP-induced depolarization (Figure
2A). Only 2 out of 13 (15.4%) neurons tested responded
to a,b-meATP in adult DRGs (Figure 2B). The average
amplitude of depolarizations induced by a,b-meATP in
adult DRG neurons (2.0 ± 0.0 mV, n = 2) was much
smaller than that obtained in immature DRGs (Figure
2C).
P2X7R-P2X3R inhibitory control exists in immature DRGs
In a previous study [5], we showed that reducing P2X7R
expression or blocking P2X7R activity in SGC cells
upregulates P2X3R expressions in adult DRG neurons.
This P2X7R-P2X3R inhibitory control is important in
maintaining proper functions of P2X3Rs. To determine
if such P2X7R-P2X3R control is also present in imma-
ture DRGs and if it contributes to the enhanced P2X3R
expression in immature rats, we first compared the
P2X3R and P2X7R protein expressions in DRGs isolated
from P6, P15 and adult rats. As rat aged, the P2X7R
expression increased (P6/Adult: 0.42 ± 0.05, n = 5; P15/
adult 0.64 ± 0.06; n = 3). At the same time, the P2X3R
expression was found to decrease (P6/adult: 1.71 ± 0.28;
P15/adult: 1.42 ± 0.11; n = 5) (Figure 3). Thus, P2X7R
and P2X3R expressions are negatively correlated, similar
to those observed in adult rats.
To determine the functional consequence of P2X7R-
P2X3R expression control in immature rats, nocifensive,
i.e., flinching, behavioral studies were conducted on
P15-16 and adult rats, which were treated with either
con-siRNA or P2X7R-siRNA. We applied P2X7R-siRNA
Figure 1 P2X3Rs are expressed in a higher percentage of DRG
neurons in immature rats.( A) Immunocytochemical staining of
P2X3Rs and P2X7Rs in DRGs of P6 and adult rats. P2X3R labels (red)
were found only in neurons; P2X7R labels (green) were found only
in SGCs. (Scale bars: P2X3R, P6 = 40 μm, Adult = 50 μm; P2X7R, P6
=2 5μm, Adult = 30 μm) (B) Percentage of DRG neurons
expressing P2X3Rs decreases significantly during postnatal
development (P6 rats: 74.83 ± 2.03%, n = 3; adult rats: 43.45 ±
5.03%, n = 3. Student t-test, *P < 0.05)
Figure 2 High P2X3R-mediated activity in DRG neurons of
immature rats.( A) a,b-meATP induced significant depolarizations
in DRG neurons of immature rats. In this example, a,b-meATP
evoked 8.6 mV depolarization in a P4 DRG neuron. The
depolarization was reversibly blocked by the P2X antagonist, TNP-
ATP (1 μM). (B) a,b-meATP induced a much reduced, i.e., 2 mV,
depolarization in an adult DRG neuron. (C) The percentage of DRG
neurons responded to a,b-meATP was high in immature rats and
greatly reduced in adult rats (P3-P14 rats: 55.0%, adult rats: 15.4%.
Fisher exact test, *P < 0.05). The amplitude of depolarizations
induced by a,b-meATP was reduced as rats matured (P3-P14 rats:
7.0 ± 0.8 mV, n = 11; adult rats: 2.0 ± 0 mV, n = 2. Mann-Whitney
test, *P < 0.05)
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sion. Eight to nine days later, the effect of P2X7R-
siRNA on P2X3R-mediated flinch behaviors induced by
a,b-meATP application to the rat left hindpaw was
determined. We first determined if P2X7R-siRNA is
effective in knocking down P2X7R expression and if
P2X3Rs are upregulated. Following P2X7R-siRNA treat-
ment, P2X7R expression was reduced (P2X7R-siRNA/
Con-siRNA = 0.52 ± 0.14, n = 4, Student t-test, P <
0.05), while the P2X3R expression in immature P2X7R-
siRNA rats was increased (P2X7R-siRNA/Con-siRNA =
1.32 ± 0.02, n = 3, P < 0.05) (Figure 4A). In presence of
con-siRNA, a,b-meATP-induced flinching responses
were much more pronounced in immature rats than
those found in adults. This result is consistent with the
observations that both P2X3R expression and function
are elevated in immature rats (Figures 1 and 2). Follow-
ing P2X7R-siRNA treatment, the a,b-meATP-induced
flinch behaviors in immature rats were significantly
enhanced, similar to that observed in adult rats (n = 4-
7 ,O n e - w a yA N O V A ,P<0 . 0 5 )( F i g u r e4 B ) .T h u s ,a
lower expression of P2X7Rs in immature DRGs resulted
in a higher expression and hence an enhanced function
of P2X3Rs. The observation suggests that P2X7R-P2X3R
inhibitory control plays an important role in regulating
the expression and function of P2X3Rs in immature
rats, as shown in adult rats (Figure 4B) [5].
Discussion
Our immunocytochemical study showed that the per-
centage of DRG neurons expressing P2X3Rs decreases
from 74.8% in P6 rats to 43.5% in adult rats (Figure 1),
a result similar to those obtained in mice [23]. During
postnatal development, P2X3R switches from being uni-
versally expressed in DRG neurons to limitedly
expressed in IB4-positive neurons [23]. In adult DRG
neurons, P2X3Rs are localized in small and medium-
sized DRG neurons that process nociceptive signals
[17,37,38]. To determine if the change in P2X3R expres-
sion corresponds to a change in P2X3R-mediated
responses, we studied the depolarizations evoked by the
P2X1R and P2X3R selective agonists, a,b-meATP, in
intact DRG neurons. Since P2X1 expression in DRGs is
low [38], the a,b-meATP-induced depolarization is
likely to be mediated mainly by P2X3R-containing
receptors in DRGs. We chose to determine P2X3R func-
tion in intact DRG neurons rather than in dissociated
DRG neurons because the cell dissociation procedure
appears to alter the percentage of cells responding to
the agonist [29]. We found that 55% of recorded DRG
n e u r o n so fP 3 - P 1 4r a t sr e s p o n d e dt oa,b-meATP
Figure 3 P2X3R expression decreases and P2X7R expression
increases with rat age. Western blot analyses of P2X3Rs and
P2X7Rs were conducted on the DRG protein samples isolated from
P6, P15 and adult rats. P2X3R and P2X7R expressions were
expressed in relative intensity with respect to those of adult rats,
which was set at 1.0. During postnatal development, the P2X7R
expression increased (P6/Adult: 0.42 ± 0.05; P15/adult 0.64 ± 0.06; n
= 3-5), while the P2X3R expression decreased (P6/adult: 1.71 ± 0.28;
P15/adult: 1.42 ± 0.11; n = 5) (One-way ANOVA, *P < 0.05)
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Figure 4 P2X7R-P2X3R inhibitory control exists in immature
rats.( A) P2X7R-siRNA treatment down-regulated P2X7R expression
while increased P2X3R expression in P15-16 rats. P2X3R and P2X7R
expressions in P2X7R-siRNA rats were expressed in relative intensity
with respect to those in Con-siRNA rats, which was set at 1.0. (B)
The a,b-meATP induced much more pronounced P2X3R-mediated
flinching responses in con-siRNA immature rats than in adult rats. In
both immature and adult rats, a,b-meATP evoked significantly larger
flinching responses in P2X7R-siRNA rats than in con-siRNA rats.
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tions in only 15.4% of adult DRG neurons, a percentage
similar to that obtained by Stebbing et al. [29]. Thus, an
increased number of DRG neurons expressed P2X3Rs
obtained from immunostain analyses is consistent with
an increased number of neurons responding to a,b-
meATP.
We also analyzed the a,b-meATP-induced depolariza-
tions in individual DRG neurons. The slow kinetics of
the a,b-meATP-induced depolarizations is likely a result
of bath application of the agonist [29]. Because of the
small percentage of adult DRG neurons responding to
a,b-meATP, the kinetic difference in the depolarizing
responses of immature and adult DRG neurons was not
studied. We found that the amplitudes of a,b-meATP-
induced depolarizations in individual adult DRG neu-
rons is ~3.5 fold smaller than those recorded in imma-
ture neurons (Figure 2).
We further studied the P2X3R expression using Wes-
tern analyses and P2X3R functions through behavioral
analyses. In immature rats, the P2X3R protein expres-
sion was high (Figure 3) and the a,b-meATP application
to the rat paw evoked much larger flinching behavioral
responses in immature rats (Figure 4B). An increase in
receptor expression in Western analyses and an increase
in behavioral responses could result from a larger num-
ber of cells expressing receptors and responding to a,b-
meATP respectively. They also can result from an
increase in the receptor expression and function in indi-
vidual neurons. Thus, an increase in the amplitude of a,
b-meATP evoked depolarizations in individual neurons
(Figure 2) is consistent with the results of Western and
behavioral analyses. Combining immunocytochemical,
electrophysiological and behavioral studies, we conclude
that P2X3R expression and P2X3R-mediated cellular
activity are high in immature DRG neurons and are
reduced as rats mature. The high level of P2X3R expres-
sion in the somata of immature DRG neurons is likely
to give rise to an enhanced transport of P2X3R receptor
to their nerve terminals and thus increased a,b-meATP-
induced behavioral responses. Nevertheless, the results
do not exclude the possibility that developmental
changes in the spinal circuitry and descending modula-
tion could also contribute to the observed changes in
the behavioral responses in immature rats.
We found that P2X3Rs are expressed only in DRG
neurons and P2X7Rs are expressed only in SGCs (Figure
1) in P6 rats, similar to those found in adult DRGs [5].
There are similarities and differences between the distri-
bution of P2X3Rs and P2X7Rs in DRGs and those in
the developing rat brain. Similarities include that
P2X3Rs are not found in glial cells [39] and P2X3Rs
mRNA expression decreases while P2X7R expression
increases and/or persists in the developing rat brain
[25]. Different from DRGs, in addition to expressing in
microglia cells, P2X7Rs are also expressed in brain neu-
rons, e.g., Purkinje cells in the cerebellum [40].
As animals mature, the P2X7R expression increases as
P2X3R expression decreases in DRGs (Figure 3). More
important, we showed that knocking down P2X7R
expression with P2X7R-siRNA significantly increases the
P2X3R-mediated flinch responses in P15-16 rats (Figure
4). Thus, P2X7Rs negatively control the expression and
function of P2X3Rs in immature rats just as those
observed in adult rats [5]. Since P2X7R expression is
low in P6-15 day rats (Figure 3), a reduced P2X7R-
P2X3R inhibitory control is likely a mechanism contri-
buting to the high expression and function of P2X3Rs in
DRGs of immature rats.
Many challenges exist in pain management in infants.
The expressions and functions of transmitters and
receptors undergo changes during development [41].
The descending control pathways from the brainstem to
the spinal cord in infants are not completely developed.
Sensory inputs are integrated, both spatially and tempo-
rally [41]. In addition, verbal communication with
infants is limited. Compared to adults, infants are more
sensitive to repeated noxious stimuli and chronic tissue
inflammation [42]. On the other hand, injury to periph-
eral nerves in infants gives rise to much less allodynia
and neuropathic pain than those observed in adults
[43,44]. Therefore, the information obtained from stu-
dies of pain treatment in adults is not directly applicable
to infants. We showed before that, in adult rats, total
P2X3R protein expression is upregulated in DRG neu-
rons after inflammation [45] and the membrane traffick-
ing of P2X3Rs increases following spared nerve injury
[32]. It is of interest to determine if purinergic receptors
respond to tissue and nerve injury in immature DRGs in
a similar manner as in adult DRGs. Our observations
that P2X3R and P2X7R expression are negatively corre-
lated (Figure 3) and P2X7R-P2X3R inhibitory control
also exists in developing rats (Figure 4) suggest that reg-
ulation of P2X7R expression in SGCs can be a useful
strategy for controlling P2X3R activity in sensory neu-
rons and relieving pain in infant patients.
Acknowledgements
The work is supported by grants from National Institutes of Health (NS30045
and DE17813).
Authors’ contributions
YC designed the study, performed Western blotting, immunocytochemical
and electrophysiological experiments and prepared the manuscript. GL
carried out the behavioral experiments. LMH designed and coordinated the
study and prepared the manuscript. All authors read and approved the final
manuscript.
Competing interests
The authors declare that they have no competing interests.
Chen et al. Molecular Pain 2012, 8:9
http://www.molecularpain.com/content/8/1/9
Page 6 of 8Received: 30 June 2011 Accepted: 7 February 2012
Published: 7 February 2012
References
1. Huang TY, Cherkas PS, Rosenthal DW, Hanani M: Dye coupling among
satellite glial cells in mammalian dorsal root ganglia. Brain Res 2005,
1036:42-49.
2. Pannese E, Ledda M, Cherkas PS, Huang TY, Hanani M: Satellite cell
reactions to axon injury of sensory ganglion neurons: increase in
number of gap junctions and formation of bridges connecting
previously separate perineuronal sheaths. Anat Embryol (Berl) 2003,
206:337-347.
3. Hanani M: Satellite glial cells in sensory ganglia: from form to function.
Brain Res Rev 2005, 48:457-476.
4. Zhang X, Chen Y, Wang C, Huang LY: Neuronal somatic ATP release
triggers neuron-satellite glial cell communication in dorsal root ganglia.
Proc Natl Acad Sci USA 2007, 104:9864-9869.
5. Chen Y, Zhang X, Wang C, Li G, Gu Y, Huang LY: Activation of P2X7
receptors in glial satellite cells reduces pain through downregulation of
P2X3 receptors in nociceptive neurons. Proc Natl Acad Sci USA 2008,
105:16773-16778.
6. Suadicani SO, Cherkas PS, Zuckerman J, Smith DN, Spray DC, Hanani M:
Bidirectional calcium signaling between satellite glial cells and neurons
in cultured mouse trigeminal ganglia. Neuron Glia Biol 2010, 6:43-51.
7. North RA: Molecular physiology of P2X receptors. Physiol Rev 2002,
82:1013-1067.
8. Liu XJ, Salter MW: Purines and pain mechanisms: recent developments.
Curr Opin Investig Drugs 2005, 6:65-75.
9. Nakatsuka T, Gu JG: P2X purinoceptors and sensory transmission. Pflugers
Arch 2006, 452:598-607.
10. Engelman HS, MacDermott AB: Presynaptic ionotropic receptors and
control of transmitter release. Nat Rev Neurosci 2004, 5:135-145.
11. Bradbury EJ, Burnstock G, McMahon SB: The expression of P2X3
purinoreceptors in sensory neurons: effects of axotomy and glial-derived
neurotrophic factor. Mol Cell Neurosci 1998, 12:256-268.
12. Kobayashi K, Fukuoka T, Yamanaka H, Dai Y, Obata K, Tokunaga A,
Noguchi K: Differential expression patterns of mRNAs for P2X receptor
subunits in neurochemically characterized dorsal root ganglion neurons
in the rat. J Comp Neurol 2005, 481:377-390.
13. Zhang XF, Han P, Faltynek CR, Jarvis MF, Shieh CC: Functional expression
of P2X7 receptors in non-neuronal cells of rat dorsal root ganglia. Brain
Res 2005, 1052:63-70.
14. Gu Y, Chen Y, Zhang X, Li GW, Wang C, Huang LY: Neuronal soma-satellite
glial cell interactions in sensory ganglia and the participation of
purinergic receptors. Neuron Glia Biol 2010, 6:53-62.
15. Souslova V, Cesare P, Ding Y, Akopian AN, Stanfa L, Suzuki R, Carpenter K,
Dickenson A, Boyce S, Hill R, Nebenuis-Oosthuizen D, Smith AJ, Kidd EJ,
Wood JN: Warm-coding deficits and aberrant inflammatory pain in mice
lacking P2X3 receptors. Nature 2000, 407:1015-1017.
16. Cockayne DA, Dunn PM, Zhong Y, Rong W, Hamilton SG, Knight GE,
Ruan HZ, Ma B, Yip P, Nunn P, McMahon SB, Burnstock G, Ford AP: P2X2
knockout mice and P2X2/P2X3 double knockout mice reveal a role for
the P2X2 receptor subunit in mediating multiple sensory effects of ATP.
J Physiol 2005, 567:621-639.
17. Cook SP, Vulchanova L, Hargreaves KM, Elde R, McCleskey EW: Distinct ATP
receptors on pain-sensing and stretch-sensing neurons. Nature 1997,
387:505-508.
18. Ando RD, Mehesz B, Gyires K, Illes P, Sperlagh B: A comparative analysis of
the activity of ligands acting at P2X and P2Y receptor subtypes in
models of neuropathic, acute and inflammatory pain. Br J Pharmacol
2010, 159:1106-1117.
19. Colomar A, Marty V, Medina C, Combe C, Parnet P, Amedee T: Maturation
and release of interleukin-1beta by lipopolysaccharide-primed mouse
Schwann cells require the stimulation of P2X7 receptors. J Biol Chem
2003, 278:30732-30740.
20. Chessell IP, Hatcher JP, Bountra C, Michel AD, Hughes JP, Green P,
Egerton J, Murfin M, Richardson J, Peck WL, Grahames CB, Casula MA,
Yiangou Y, Birch R, Anand P, Buell GN: Disruption of the P2X7
purinoceptor gene abolishes chronic inflammatory and neuropathic
pain. Pain 2005, 114:386-396.
21. McGaraughty S, Chu KL, Namovic MT, Donnelly-Roberts DL, Harris RR,
Zhang XF, Shieh CC, Wismer CT, Zhu CZ, Gauvin DM, Fabiyi AC, Honore P,
Gregg RJ, Kort ME, Nelson DW, Carroll WA, Marsh K, Faltynek CR, Jarvis MF:
P2X7-related modulation of pathological nociception in rats.
Neuroscience 2007, 146:1817-1828.
22. Cheung KK, Burnstock G: Localization of P2X3 receptors and coexpression
with P2X2 receptors during rat embryonic neurogenesis. J Comp Neurol
2002, 443:368-382.
23. Ruan HZ, Moules E, Burnstock G: Changes in P2X3 purinoceptors in
sensory ganglia of the mouse during embryonic and postnatal
development. Histochem Cell Biol 2004, 122:539-551.
24. Dunn PM, Gever J, Ruan HZ, Burnstock G: Developmental changes in
heteromeric P2X(2/3) receptor expression in rat sympathetic ganglion
neurons. Dev Dyn 2005, 234:505-511.
25. Cheung KK, Chan WY, Burnstock G: Expression of P2X purinoceptors
during rat brain development and their inhibitory role on motor axon
outgrowth in neural tube explant cultures. Neuroscience 2005,
133:937-945.
26. Boldogkoi Z, Schutz B, Sallach J, Zimmer A: P2X(3) receptor expression at
early stage of mouse embryogenesis. Mech Dev 2002, 118:255-260.
27. Amir R, Devor M: Functional cross-excitation between afferent A- and C-
neurons in dorsal root ganglia. Neuroscience 2000, 95:189-195.
28. Fulton BP: Postnatal changes in conduction velocity and soma action
potential parameters of rat dorsal root ganglion neurones. Neurosci Lett
1987, 73:125-130.
29. Stebbing MJ, McLachlan EM, Sah P: Are there functional P2X receptors on
cell bodies in intact dorsal root ganglia of rats? Neuroscience 1998,
86:1235-1244.
30. Tan PH, Yang LC, Shih HC, Lan KC, Cheng JT: Gene knockdown with
intrathecal siRNA of NMDA receptor NR2B subunit reduces formalin-
induced nociception in the rat. Gene Ther 2005, 12:59-66.
31. Hylden JL, Wilcox GL: Intrathecal morphine in mice: a new technique. Eur
J Pharmacol 1980, 67:313-316.
32. Chen Y, Li GW, Wang C, Gu Y, Huang LY: Mechanisms underlying
enhanced P2X receptor-mediated responses in the neuropathic pain
state. Pain 2005, 119:38-48.
33. Wang C, Gu Y, Li GW, Huang LY: A critical role of the cAMP sensor Epac
in switching protein kinase signalling in prostaglandin E2-induced
potentiation of P2X3 receptor currents in inflamed rats. J Physiol 2007,
584:191-203.
34. Lawson SN, Caddy KW, Biscoe TJ: Development of rat dorsal root
ganglion neurones. Studies of cell birthdays and changes in mean cell
diameter. Cell Tissue Res 1974, 153:399-413.
35. Bunge MB, Bunge RP, Peterson ER, Murray MR: A light and electron
microscope study of long-term organized cultures of rat dorsal root
ganglia. J Cell Biol 1967, 32:439-466.
36. Pannese E: The structure of the perineuronal sheath of satellite glial cells
(SGCs) in sensory ganglia. Neuron Glia Biol 2010, 6:3-10.
37. Vulchanova L, Riedl MS, Shuster SJ, Stone LS, Hargreaves KM, Buell G,
Surprenant A, North RA, Elde R: P2X3 is expressed by DRG neurons that
terminate in inner lamina II. Eur J Neurosci 1998, 10:3470-3478.
38. Xiang Z, Bo X, Burnstock G: Localization of ATP-gated P2X receptor
immunoreactivity in rat sensory and sympathetic ganglia. Neurosci Lett
1998, 256:105-108.
39. Xiang Z, Burnstock G: Expression of P2X receptors on rat microglial cells
during early development. GLIA 2005, 52:119-126.
40. Xiang Z, Burnstock G: Changes in expression of P2X purinoceptors in rat
cerebellum during postnatal development. Brain Res Dev Brain Res 2005,
156:147-157.
41. Fitzgerald M: The development of nociceptive circuits. Nat Rev Neurosci
2005, 6:507-520.
42. Ren K, Anseloni V, Zou SP, Wade EB, Novikova SI, Ennis M, Traub RJ,
Gold MS, Dubner R, Lidow MS: Characterization of basal and re-
inflammation-associated long-term alteration in pain responsivity
following short-lasting neonatal local inflammatory insult. Pain 2004,
110:588-596.
43. Anand P, Birch R: Restoration of sensory function and lack of long-term
chronic pain syndromes after brachial plexus injury in human neonates.
Brain 2002, 125:113-122.
44. Fitzgerald M, Walker SM: Infant pain management: a developmental
neurobiological approach. Nat Clin Pract Neurol 2009, 5:35-50.
Chen et al. Molecular Pain 2012, 8:9
http://www.molecularpain.com/content/8/1/9
Page 7 of 845. Xu GY, Huang LY: Peripheral inflammation sensitizes P2X receptor-
mediated responses in rat dorsal root ganglion neurons. J Neurosci 2002,
22:93-102.
doi:10.1186/1744-8069-8-9
Cite this article as: Chen et al.: P2X7 receptors in satellite glial cells
mediate high functional expression of P2X3 receptors in immature
dorsal root ganglion neurons. Molecular Pain 2012 8:9.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Chen et al. Molecular Pain 2012, 8:9
http://www.molecularpain.com/content/8/1/9
Page 8 of 8